We report a "running start, two-bond" protocol to analyze elongation by human RNA polymerase II (RNAP II). In this procedure, the running start allowed us to measure rapid rates of elongation and provided detailed insight into the RNAP II mechanism. Formation of two bonds was tracked to ensure that at least one translocation event was analyzed. By using this method, RNAP II is stalled briefly at a defined template position before restoring the next NTP. Significantly, slow reaction steps are identified both before and after phosphodiester bond synthesis, and both of these steps can be highly dependent on the next templated NTP. The initial and final NTP-driven events, however, are not identical, because the slow step after chemistry, which includes translocation and pyrophosphate release, is regulated differently by elongation factors hepatitis ␦ antigen and transcription factor IIF. Because recovery from a stall and the processive transition from one bond to the next can be highly NTP-dependent, we conclude that translocation can be driven by the incoming substrate NTP, a model fully consistent with the RNAP II elongation complex structure.
Pre-steady state kinetic analysis allows the progress of an enzymatic reaction to be tracked in real time (1, 2) , and coupling enzyme functional dynamics to the structure provides the clearest insight into the mechanism. In this paper, we compare the first transient state kinetic studies of human (Homo sapiens) RNAP II 1 to the x-ray structure of the yeast (Saccharomyces cerevisiae) RNAP II elongation complex (EC) (3) . These studies give new insight into the RNAP II mechanism and demonstrate the feasibility of a detailed kinetic study of a highly regulated enzyme that is at the hub of gene control in human cells.
There is increasing recognition that transcriptional elongation is highly regulated in eukaryotes (4 -8) . As an example, hepatitis ␦ antigen (HDAg) strongly stimulates RNAP II elongation in vitro (6, 9) . HDAg is the sole gene product of the small RNA genome of hepatitis ␦ virus, which is maintained as a satellite particle by hepatitis B virus. The role of HDAg in elongation may be clinically significant because hepatitis ␦ virus often complicates severe and chronic presentations of human hepatitis B virus infection. The general cellular transcription factor IIF (TFIIF) has been shown to stimulate RNAP II elongation 5-10-fold in vitro, by suppressing transcriptional pausing (10 -16) . The role of TFIIF in elongation may be of particular importance during the promoter escape phase of the transcription cycle (17, 18) . Here viral HDAg and cellular TFIIF are used as probes of H. sapiens RNAP II elongation.
In this work, we use rapid quench kinetics to demonstrate critical NTP-dependent steps during RNA synthesis. First, we analyzed recovery from a stall at a defined template position, in the presence of TFIIF or HDAg. During stall recovery, two fractions of EC were clearly observed on the active pathway, and most significantly, these ECs had different requirements for binding and utilizing the incoming substrate NTP. This observation strongly indicates a substrate NTP-induced fit mechanism, in which the NTP first binds and then helps to convert the EC to a fully active form. Second, in the TFIIFstimulated mechanism but not in the HDAg-stimulated mechanism, a slow step after phosphodiester bond formation is also highly dependent on the incoming NTP. Thus, in the presence of TFIIF, elongation is NTP-driven at both the beginning and the end of a single bond addition cycle, but only one of these NTPs can be the substrate for phosphodiester bond formation at a single position. The other NTP appears to be the substrate for addition of the subsequent bond. These observations lead to the following conclusions: 1) RNAP II elongates according to a substrate NTP-induced fit mechanism; 2) translocation can be induced by prior NTP binding. Translocation must occur at either the beginning or the end of each bond addition cycle, and in the presence of TFIIF, both are highly dependent on the next templated NTP. Significantly, HDAg eliminates the high NTP dependence of the slow step after phosphodiester bond formation, demonstrating the unusual nature of the RNAP II mechanism in the presence of TFIIF. As with TFIIF, the HDAgstimulated mechanism shows evidence of substrate NTPinduced fit during escape from a stall, but, unlike TFIIF, NTP dependence is not detected with HDAg in the normal processive transition between bonds.
Comparing the kinetics of RNAP II elongation with the yeast EC structure reverses the view of how NTPs are loaded, alters our understanding of the translocation mechanism, and provides new insight into transcriptional efficiency and fidelity.
EXPERIMENTAL PROCEDURES
Cell Culture, Extracts, and Proteins-HeLa cells were purchased from the National Cell Culture Center (Minneapolis, MN). Extracts of HeLa cell nuclei were prepared as described (19) . Recombinant TFIIF (20, 21) and HDAg (9) were prepared as described.
The Running Start, Two-bond Elongation Assay-The running start, two-bond elongation assay is shown in Fig. 1 (16, 23) . Initiation was from the adenovirus major late promoter with a modified downstream sequence so that a 40-nucleotide transcript can be synthesized in the absence of ATP and GTP. An extract of human HeLa cells was the source of transcription factors. C40 (a 40-nucleotide RNA ending in a 3Ј-CMP) ECs were synthesized by addition of 10 M dATP, 300 M ApC dinucleotide, 5 Ci per reaction [␣- 32 P]CTP, and 20 M UTP. ECs were then washed with 1% Sarkosyl and 0.5 M KCl, to dissociate initiation, elongation, pausing, and termination factors, and then re-equilibrated with transcription buffer. To commence the reaction, C40 ECs were incubated in transcription buffer containing 8 mM MgCl 2 for 10 -40 min (the time varies according to the time required for individual sample handling) in the presence of 12 pmol of TFIIF or 77 pmol of HDAg (functionally saturating amounts) and 20 M (initial working concentration) CTP and UTP (to maintain ECs at C40). Downstream of C40 the sequence is 40 CAAAGG 45 . On the bench top, an equal sample volume of 200 M ATP (initial working concentration 100 M) was added in transcription buffer. The ATP pulse time was 60 s with HDAg, 30 s with TFIIF, and 120 s in the absence of an elongation factor. Times were optimized for each procedure (23) . During the pulse, EC samples were injected into the left sample port of the Kintek Rapid Chemical Quench-Flow (RQF-3) instrument and mixed with GTP added from the right sample port. Due to subsequent equal volume mixing events, the final working NTP concentrations are 5 M CTP, 5 M UTP, 50 M ATP and the indicated concentration of GTP. Rate measurements from 0.002 to 4 s were done using the KinTek instrument, and longer time points were done on the bench top, all at 25°C.
After quenching reactions with 0.5 M EDTA, beads were collected; supernatant was removed, and samples were dissolved in 90% formamide loading dye containing 1% SDS. Samples were boiled for 2 min and RNAs separated in 14 -16% polyacrylamide (20:1 acrylamide/bisacrylamide) gels containing 50% w/v urea and 1ϫ Tris borate-EDTA. Gels were analyzed using a Amersham Biosciences PhosphorImager. Each gel lane was analyzed independently for percent of signal present in G44 plus all longer transcripts or G45 plus all longer transcripts compared with A43 plus all longer transcripts. The data were handled in this way to compensate for occasional inconsistency in recovery or loading of samples.
Quality of RNAP II ECs-The complex kinetics we report demonstrate multiple conformers of A43 EC at the time of GTP addition in the running start, two-bond protocol. Because ECs were isolated on bead templates from HeLa nuclear extracts, it is reasonable to consider whether A43 ECs differ in their kinetic properties because of experimental treatments or because of damage to a subset of ECs during preparation. However, A43 conformational states are determined by treatments that occur after EC purification. The initial conformational states detected at A43 are different in the presence of TFIIF, HDAg, or in the absence of an elongation factor, showing that protein factors drive RNAP II between functional modes. Furthermore, increasing GTP concentration blurs the distinction between different kinetic states, indicating that RNAP II changes conformation through interactions with substrate, as expected for an RNAP. Also, the distribution of A43 states is dependent on the time of stalling at A43, demonstrating reversibility between states (23). A43 conformational states, therefore, are selected based on treatments (protein factors, substrate, and time of incubation) after purification and are not an artifact of preparation. In the purification scheme, RNAP II molecules are selected for the ability to initiate transcription accurately in concert with the general initiation factors, and all C40 and A43 complexes are active in elongation. Sarkosyl and salt treatment appears to strip all contaminating transcription factors and complicating activities from the EC (12) .
Kinetic Models-Kinetic models were designed based on a qualitative assessment of rate data, as described under "Results," and model independent analysis of rate data (24, 25) (not shown). The program DY-NAFIT (26) , which utilizes non-linear least squares curve fitting to obtain the optimal fit to a kinetic model, was used to estimate rate constants. Most of the rate constants listed in Fig. 4 are currently under determined experimentally, so the values reported are meant to represent a simulation of the mechanism with the caveat that future refinement will be necessary to determine fully the accurate rate constant values. The rate constants used for simulations, however, give a reasonable qualitative and quantitative description of the rate equation. The mechanisms we apply fit the primary characteristics of the rate data sets, whereas alternate schemes prove inadequate to model the data. Furthermore, the models we espouse seem consistent with the S. cerevisiae RNAP II EC structure (3) .
The kinetic pathway shown in Fig. 4A is the simplest induced fit mechanism with a pausing pathway that allows access of the active site after an NTP-induced fit conformational change (see under "Results" and "Discussion"). This is an adequate kinetic model for RNAP II elongation stimulated by HDAg. To fit the HDAg-stimulated mechanism requires a minimum of three initial states at A43 as follows: A43a (23% of total ECs); A43b (27% of total ECs); and A43c (50% of total ECs). From model-independent analysis (not shown), the fastest rate is estimated as 1250 s
Ϫ1
, and the fastest rate on the slow pathway (A43a⅐GTP 3 A43b⅐GTP) is Ͼ20 s
. A slow step after chemistry is required to fit the sigmoidal shape of G45 rate curves (Figs. 3B and 4A ). The rate of this slow step is well determined as 15.5 Ϯ 0.5 s Ϫ1 . The pathway shown in Fig. 4B is the simplest induced fit model (including a pausing pathway), with an open active site, that also confers substrate NTP dependence at both the start and end of the G44 bond addition cycle (see under "Results" and "Discussion"). This mechanism is adequate to model rates of elongation stimulated by TFIIF through formation of two phosphodiester bonds. The simple induced fit model (Fig. 4A ) is adequate to fit the TFIIF data set through formation of the G44 phosphodiester bond (not shown) but not through formation of the G45 bond. In the presence of TFIIF, a minimum of three initial conformers at A43 are required: A43a (55% of total); A43b (10% of total); and A43c (35% of total). Model independent kinetic analysis indicates that the fastest pathway for G44 synthesis is Ͼ500 s Ϫ1 (not shown) and is estimated as 1200 s Ϫ1 in the model shown in Fig. 4B . The model independent analysis estimates the slower pathway from A43a as Ͼ100 s Ϫ1 (not shown). Furthermore, there is a requirement for loading two substrate GTPs in a single G44 bond addition cycle. The GTP requirement is fulfilled by loading both the n ϩ 1 and n ϩ 2 GTPs to A43a before translocation. As expected from the S. cerevisiae RNAP II EC structure, GTPs held primarily by base pairing are bound weakly (GTP off-rates of 10,000 s
; the DYNAFIT program would select faster dissociation rates). Elongation rate data in the presence of TFIIF (Figs. 3D and 4B) require a fast elongation pathway that dominates at high GTP concentrations and a slow pathway that dominates at limiting GTP concentrations.
Residuals (a statistical test; Fig. 3 ) indicate that these models converge to experimental data generally within 5 or 10%, indicating the reliability of the simulations. Particularly with HDAg, the curve fits are very close to experimental values (residuals Ϯ5%). The rate constants shown in Fig. 4 , A and B, are the best estimates we can offer at this time, although more information is required about individual steps in the mechanism to accurately assign rate constant values, and additional experiments will be required to refine the current models. The rate constants shown in Fig. 4 are constrained to be in approximate thermodynamic balance. The curve fits and residuals shown in Fig. 3 were optimized from the set of rate constants shown in Fig. 4 , by relaxing this constraint, so the reported curve fits and residuals represent a slightly better fit to the data set than those obtained from the rate constants shown in Fig. 4 .
RESULTS
Running Start, Two-bond Assay-To analyze the mechanism and regulation of human RNA synthesis, we sought a method to obtain transient state kinetic measurements of RNAP II elongation rates through formation of multiple bonds. Precisely stalled RNAP II ECs, immobilized on magnetic beads, were initiated from the adenovirus major late promoter and isolated with Sarkosyl and salt washing (Fig. 1) . C40 ECs contain a 40-nucleotide, 32 P-labeled RNA, ending in a 3Ј-CMP base. The sequence downstream of C40 is 40 CAAAGG 45 . Because C40 ECs proved unsuitable for measuring the most rapid elongation rates, a running start, two-bond protocol was adopted. In the presence of 20 M CTP and UTP, 100 M ATP was added to advance C40 ECs to the A43 position. After a brief stall at A43, a steady state distribution was established between paused and active A43 ECs (23) , such that, when GTP was added, rapid rates for G44 and G45 synthesis could be determined reproducibly. In this experimental design, G44 synthesis rates reflect recovery from a stall at A43, and initial G45 synthesis rates reflect processive elongation from G44 3 G45, including a translocation of the RNA-DNA hybrid and template DNA.
Because the running start assay allowed us to commit a significant fraction of A43 ECs to rapid elongation, we adapted this method to analyze GTP-dependent steps along the forward synthesis path. In Fig. 2 , we compare synthesis through the G44 and G45 positions in the presence of the RNAP II elongation factors HDAg and TFIIF. After a brief ATP pulse, GTP was added at the indicated concentrations, and reactions were quenched at various times. The protocol is indicated in Figs. 1 and 2A. The ATP pulse time, optimized for each reaction, is 120 s in the absence of a stimulatory factor (Fig. 2B) , 60 s in the presence of HDAg (Fig. 2C ), and 30 s in the presence of TFIIF (Fig. 2D ). In Fig. 2B , elongation is shown in the absence of a stimulatory factor to confirm that TFIIF and HDAg enhance elongation in the running start assay (compare Fig. 2 
, B-D).
Rates of G44 and G45 synthesis were evaluated in terms of the percent of transcript at G44 or G45 plus all longer transcripts. In this way, rates of disappearance of G44 and G45 could be neglected.
The running start, two-bond protocol reveals significant details of the RNAP II elongation mechanism. In the presence of HDAg or TFIIF, synthesis rates for G44 differ from synthesis rates for G45, demonstrating the importance of monitoring two bonds. With the running start method, analysis of the G44 bond is expected to provide detail about RNAP II conformational states and kinetic intermediates and any effects of recovering from the 30-to 120-s stall at A43. Rates of G45 synthesis, on the other hand, are expected to reveal characteristics of the approach to processive elongation. The rates of first G45 appearance should provide insight into translocation, because translocation and pyrophosphate release must occur between synthesis of the G44 and G45 bonds. If only a single bond is tracked, information about translocation could be lost, because the state(s) of translocation prior to addition of substrate cannot be known. Fig. 3 , complete data sets are shown for elongation through the G44 and G45 positions, in the presence of HDAg ( Analysis of the rates of G44 synthesis (Fig. 3 , A and C) indicates that RNAP II must utilize an induced fit mechanism, in which binding substrate GTP modifies the A43 EC conformationally to become catalytically competent. Notably, during the 60-or 30-s stall at A43, delayed ECs fractionate between at least three different A43 states, two of which are evident on the forward synthesis pathway and one of which is strongly paused. Furthermore, two A43 ECs are observed on the active synthesis pathway with differing dependence on the concentration of the incoming GTP substrate.
Two Intermediates on the Forward Elongation Pathway with Distinct GTP Dependence-In
In the presence of HDAg, ECs partition between three states (Fig. 3A) . Two A43 ECs are found on the active synthesis pathway, but these two EC conformers have different responsiveness to GTP. About 27% of A43 ECs are in the most highly poised state (Fig. 3A , fraction b; 0 -27% of total ECs; k obs,fast ϳ1250 s Ϫ1 (see under "Experimental Procedures")). An additional 23% of A43 ECs are more dependent on GTP substrate to advance rapidly (Fig. 3A , fraction a; 27-50% of total ECs; k obs,slow Ͼ20 s Ϫ1 (see under "Experimental Procedures")). Because two classes of A43 EC are detected with different responsiveness to GTP concentration, this is evidence of induced fit in the RNAP II mechanism. GTP binds to a less highly poised EC (fraction a) and converts it to a more highly poised EC (fraction b). In the presence of HDAg, 50% of A43 ECs are initially paused ( Fig. 3A ; 50 -100% of total ECs; k forward ϳ0.05 s Ϫ1 ). In the presence of TFIIF, three classes of A43 EC are detected but with different occupancy than those observed with HDAg (compare Fig. 3 , A and C). Two of these classes of A43 EC are on the active synthesis pathway, and one is paused. About 10% of A43 ECs elongate rapidly to the G44 position even at GTP concentrations that are too low to support subsequent rapid elongation from G44 to G45 (Fig. 3C, fraction b ; 0 -10% of total ECs; k obs,fast Ͼ500 s Ϫ1 (see under "Experimental Procedures")). These A43 ECs are highly poised to bind GTP substrate and incorporate GMP. A distinct fraction of A43 EC (about 55% of total) elongates rapidly at high GTP concentrations but much more slowly at low GTP concentrations (Fig. 3C , fraction a; 10 -65% of total ECs; k obs,slow Ͼ100 s Ϫ1 ). This fraction of A43 EC (fraction a) requires prior GTP binding to convert to a catalytically competent state (fraction b), consistent with a substrate GTP-induced fit mechanism for RNAP II elongation. The remaining 35% of A43 ECs ( Fig. 3C ; 65-100% of total ECs; k forward ϳ0.09 s Ϫ1 ) are strongly paused but eventually can be extended (Fig. 2D) . Because multiple A43 ECs are detected that respond differently to substrate GTP concentrations, with both HDAg and TFIIF, the RNAP II EC assumes conformations that must first bind GTP and then be converted to a form capable of catalyzing phosphodiester bond formation.
Regulation of First Appearance of G45 by Substrate GTPJudging from the initial times of G44 and G45 appearance on gels (Fig. 2, B-D) , the most rapid rates of G44 synthesis must be 5-10-fold faster than the rate of initial G45 appearance, which is surprisingly slow. If this were not the case, G45 would be detected by the 0.002-0.005-s time points, but G45 is not detected until 0.02-0.05 s, even at high GTP concentration. This conclusion is further demonstrated by quantitation of gel data (Fig. 3, B and D) . Analysis of G45 synthesis rate curves shows that the initially slow appearance of G45 can be attributed to a slow conformational step after G44 phosphodiester bond formation. This conclusion is demonstrated by the sigmoidal shapes of the rate curves shown in Fig. 3 , B and D. The distinctive shape of these curves can only be described by a slow, normally irreversible step in the RNAP II elongation mechanism after G44 phosphodiester bond synthesis but before rapid G45 synthesis can commence (see Fig. 4, A and B) . Note that the interval in which this slow conformational step occurs must include the translocation event between G44 and G45 synthesis.
In the presence of HDAg (Fig. 3B) , there is a slow step after G44 phosphodiester bond formation that accounts for the slow first appearance of G45. This slow step is indicated by the sigmoidal shapes of G45 synthesis rate curves. Notice that the sigmoidal rate curves all approach the time axis at a similar intersection point (Fig. 3B, open arrow) . This result shows that, in the presence of HDAg, the lag in G45 first appearance is not highly dependent on GTP concentration, although in the presence of TFIIF (Fig. 3D) , the lag duration is highly GTP-dependent. For the HDAg-stimulated mechanism, the slow step after chemistry can be modeled by a first order rate constant, lacking GTP dependence, of 15.5 Ϯ 0.5 s Ϫ1 (Fig. 4A) . Surprisingly, in the presence of TFIIF, the situation is very different. At 250 and 100 M GTP, G45 appears in an apparent burst (Fig. 3D ), but these rate curves are sigmoidal when plotted with an expanded time axis, indicating the slow step after chemistry (lag of 0.02-0.05 s (Fig. 2D) ). From 10 to 25 M GTP, G45 synthesis rate curves are notably sigmoidal in shape, further demonstrating the slow step after G44 bond formation. Surprisingly, at 1 and 2 M GTP, almost no G45 synthesis is observed within 5 s, although eventually these ECs will advance (data not shown). This result demonstrates the extreme GTP dependence of this slow step in the TFIIF-stimulated mechanism. So, after a stall at A43 in the presence of TFIIF, both the beginning phase and the ending phase of the G44 bond addition cycle are highly dependent on the next incoming GTP substrates (Fig. 3, C and D) . In the running start protocol, this FIG. 3 . Regulation of GTP-dependent steps in G44 and G45 synthesis by HDAg and TFIIF. A, the rate of G44 synthesis (G44ϩ % versus time) in the presence of HDAg. Fraction b (0 -27% of total ECs) and fraction a (27-50% of total ECs) are indicated. B, the rate of G45 synthesis (G45ϩ %) in the presence of HDAg. Rate curves for A and B were drawn according to the kinetic model shown in Fig. 4A . C, the rate of G44 synthesis in the presence of TFIIF. Fraction b (0 -10% of total ECs) and fraction a (10 -65% of total ECs) are indicated. D, the rate of G45 synthesis in the presence of TFIIF. Rate curves for C and D were drawn according to the kinetic model shown in Fig. 4B . Corresponding residuals are shown below each graph, indicating the quality of modeling to the data. unusual condition arises because elongation was stalled at the A43 position. Because the GTP-driven event at the end of the G44 bond addition cycle occurs after chemistry, this event cannot be attributed to utilization of GTP as a substrate for G44 bond formation and primarily reflects entry of the GTP substrate for G45 synthesis.
As with TFIIF, HDAg-mediated recovery from a stall at A43 is GTP-dependent (Fig. 3A) , demonstrating the GTP-induced fit mechanism. With HDAg, however, the transition between synthesis of the G44 and G45 bonds is not noticeably dependent on the incoming substrate GTP (Fig. 3B) , as it is in the presence of TFIIF (Fig. 3D) . Therefore, HDAg and TFIIF regulate the normal processive transition between bonds (translocation) in distinct ways. HDAg simplifies this step and makes it less dependent on GTP. Also, recovery from a stall is found to be a distinct process from the normal processive transition between bonds, because TFIIF and HDAg regulate these steps differently. One result of HDAg-mediated stimulation is that elongation is facilitated at GTP concentrations that are very restrictive in the presence of TFIIF, as if HDAg facilitates a rate-limiting step (translocation) in the RNAP II mechanism (compare Fig. 3, A-D) .
Kinetic Modeling-RNAP II appears to extend an RNA chain according to an induced fit mechanism, in which the active site remains available for substrate NTP binding, even when the conformational change precedes substrate loading. Furthermore, RNAP II establishes a steady state condition between the pausing and active synthesis pathways that is maintained for minutes at the A43 position (23) . The simplest kinetic model that will satisfy these conditions is shown in Fig. 4A . Induced fit requires that substrate NTP normally binds prior to a conformational step in the mechanism (27) (28) (29) . In this paper, we argue strongly for an induced fit mechanism of RNAP II elongation. Specifically, we argue for substrate NTP-driven translocation of the RNA-DNA hybrid past the RNAP II active site, which is a version of an induced fit mechanism, in which translocation is the NTP-directed conformational change. We present our argument assuming that A43a and A43b states are natural intermediates on the RNAP II elongation pathway. Formally, however, A43a and A43b could be on separate pathways. For instance, A43a and A43b could represent distinct RNAP II ECs with different activities (i.e. because of differential protein composition or covalent modification). We find this alternate view untenable for the following reasons: 1) relative occupancy of A43a and A43b depends on whether TFIIF or HDAg is added to the reaction, showing that these states are inter-convertible (Figs. 3 and 4) ; and 2) fast and slow complexes are detected for G44 synthesis, after the stall at A43, but not for G45 synthesis (Fig. 3) , so intrinsically fast and slow ECs are not indicated. Further discussion of this issue is found under "Experimental Procedures."
Experimental data, therefore, require two A43 states, designated A43a and A43b, that are occupied to different extents in the presence of HDAg or TFIIF. The conversion of A43a 3 A43b is a conformational change that may equate with the translocation step. A43a requires prior GTP binding to make this conformational transition rapidly; otherwise, the transition is slow. A43b is more highly poised on the forward synthesis pathway and apparently has already undergone this conformational transition but is yet capable of binding GTP and engaging in chemistry. Both the A43a and A43b conformational states are therefore available to bind GTP in the pro- . All other rate constants are in units of s
Ϫ1
. Estimated K d for GTP binding are indicated in boxes. Estimated rate constants are also shown for GTP-dependent steps because these are the values used in DYNAFIT simulations. Unidirectional arrows indicate normally irreversible steps. According to our interpretation, A43a is pre-translocated; A43b is post-translocated; A43c is paused; G44d may be a taut conformation of RNAP II that is relaxed in the slow step after chemistry. The pausing pathway can lead to backtracking and RNA cleavage. The equilibrium sliding model is not consistent with RNAP II elongation rate data, which demands alternate GTP-dependent routes from A43a and A43b, as shown in A and B.
posed mechanism. The simple induced fit mechanism (see Fig.  4A ) will account very well for rates of G44 and G45 synthesis by RNAP II stimulated by HDAg (Fig. 3, A and B) . The simple induced fit mechanism will account for G44 synthesis rates by TFIIF (not shown) but not for the rates of G45 synthesis, which requires GTP dependence at both the beginning and end of the G44 bond addition cycle.
The TFIIF-stimulated mechanism, therefore, was fit using the more complex kinetic model shown in Fig. 4B . This is the simplest induced fit mechanism that can account for GTP dependence at both the beginning and end of the G44 bond addition cycle. For the TFIIF-stimulated mechanism, a kinetic scheme is shown for the formation of two bonds. The scheme used to fit synthesis of the G45 bond is a subset of the mechanism used to fit G44, eliminating steps that are peripheral and therefore unnecessary for modeling. We assume that the mechanisms for G44 and G45 synthesis include all of the same steps and utilize similar rate constants, but in the running start protocol, many steps observed for G44 synthesis are largely undetected in G45 synthesis. For instance, the pausing pathway is observed in G44 synthesis, because of the stall at A43, but pausing is not observed in G45 synthesis, unless the EC is delayed at G44 (i.e. by GTP limitation). Effectively, RNAP II tends to bypass both the pausing pathway and perhaps the G44a conformational state during rapid elongation. Some of the rate constants for G45 synthesis appear different from those for G44 synthesis. This is attributable to the simplified mechanism used to model formation of the G45 bond.
The only difference between the mechanisms in Fig. 4 , A and B, is the involvement of the n ϩ 2 GTP substrate (n ϭ RNA length) in the slow transition from G44 3 G45 synthesis. In the mechanism shown in Fig. 4B , both the n ϩ 1 GTP and the n ϩ 2 GTP pre-load and then, in turn, drive translocation of the RNA-DNA hybrid past the RNAP II active site, establishing the conditions for chemistry. Consistent with the model in Fig.  4B , the data in Fig. 3D demand two forward pathways for chemistry in the presence of TFIIF: a faster pathway supported by higher GTP concentrations and a slower pathway that predominates at limiting GTP concentrations. The HDAg-stimulated rate data only require a single pathway after chemistry for data fitting. Although our model in Fig.  4B recapitulates the general shapes of rate curves, the lags observed in the initial appearance of G45 are more highly GTP-dependent than we can describe with this kinetic model. This result means that the TFIIF-stimulated mechanism is more highly GTP-dependent, at this slow, regulated step from G44 3 G45 (translocation), than can be accounted for by the simulation shown in Fig. 4B , a model that confers high GTP dependence. Therefore, in the presence of TFIIF, translocation of the RNA-DNA hybrid at this position is a slow step in the mechanism that is highly dependent on the incoming substrate GTP.
In Fig. 4C a popular model for elongation, which we refer to as an "equilibrium sliding" model, is shown. In such a model, there is a rapid equilibrium between the pre-and post-translocated states, and NTP substrate binding stabilizes the posttranslocated EC (30 -39) . Our kinetic data argue strongly against the equilibrium sliding model for H. sapiens RNAP II. A43a and A43b cannot be connected by a rapid equilibrium, because escape from A43a is more highly GTP-dependent than escape from A43b. Therefore, there must be distinct GTP-dependent pathways forward from A43a and A43b and interconversion between A43a and A43b must be relatively slow, as indicated in our simulations (Fig. 4, A and B) . Our data clearly indicate that, in the presence of TFIIF, translocation is GTPdriven in the A43a 3 G44 and G44 3 G45 bond addition cycles, and these experimental observations cannot be reconciled with an equilibrium sliding model.
DISCUSSION
Translocation Can Be Driven by the Incoming Substrate NTP-We have tracked the progress of kinetically homogeneous populations of human RNAP II molecules through the sequence 40 CAAAGG 45 , concentrating on synthesis of the G44 and G45 bonds. After a brief stall at A43, the beginning of the G44 bond addition cycle is dependent on the incoming substrate GTP for a significant fraction of ECs (A43a fraction). After G44 chemistry, the final phase of the G44 bond addition cycle can also depend on the next incoming substrate GTP. Because the transition from G44 3 G45 requires translocation, movement of the RNA-DNA hybrid relative to the RNAP II active site must occur during this GTP-driven phase of the bond addition cycle. By stalling the EC at A43, however, it appears that we have established a situation in which formation of G44 can include two GTP-driven translocations. The first translocation is driven by the incoming substrate GTP for G44 synthesis, and the second translocation is driven by the incoming GTP substrate for G45 synthesis. That both the early and ending phases of the G44 bond addition cycle are GTP-dependent, in the TFIIF-stimulated reaction, fully establishes that translocation can depend on a GTP-driven conformational change in the RNAP II mechanism. We suggest that the GTPinduced step is translocation, rather than another obligatory but unknown conformational change that must precede or follow translocation. Recovery from a stall at A43 and processive elongation from G44 3 G45 are likely to be different processes, because the G44 3 G45 transition requires translocation and pyrophosphate release. Recovery from a stall at A43 is likely to require translocation for a fraction of ECs but not pyrophosphate release, which is completed during the stall. Furthermore, these steps are regulated differently by TFIIF and HDAg.
Dwelling at A43 in the absence of GTP appears to reverse the translocation step for a significant fraction of A43 ECs (designated A43a). In the presence of HDAg, 23% of A43 ECs are detected that are on the pathway for synthesis but require a higher concentration of GTP to progress rapidly (Fig. 3A, fraction a) . Another 27% of A43 ECs are more highly poised on the active synthesis pathway (Fig. 3A, fraction b) . In the presence of TFIIF, 55% of ECs are on the pathway for rapid synthesis but require a higher GTP concentration for activation, whereas another 10% of A43 ECs are more highly poised for synthesis (Fig. 3C, fractions a and b) . By assuming that both A43a and A43b conformers are natural intermediates on the elongation path, the A43b EC is more highly poised for synthesis than the A43a EC, and the A43b EC appears to be less dependent on the concentration of GTP substrate for elongation. Furthermore, because both classes of A43 EC bind GTP and engage in G44 synthesis, the RNAP II active site must remain open to substrate binding after the GTP-driven conformational change. This distinction is important because the dNTP-induced fit conformational change postulated for elongation by single-subunit DNAPs appears to involve rotation of a critical ␣-helix to partially close the catalytic site to dNTP binding (see Refs. 25, [27] [28] [29] [40] [41] [42] [43] . In the RNAP II NTP-induced fit mechanism, the active site remains open to substrate binding.
Regulation by HDAg and TFIIF-To account for differences in HDAg-and TFIIF-regulated elongation, we offer the following explanation. We suggest that TFIIF supports a tight RNAP II clamp holding the RNA-DNA hybrid and an optimum geometry of the RNAP II active site for catalysis. Because the clamp is tight, the RNAP II bridge ␣-helix is wedged against the RNA-DNA hybrid (see below). In such a case, when elongation is stalled, the EC reverts primarily to the pre-translocated state, and the next templated NTP substrate is required to drive translocation, as observed in our experiment. This idea is consistent with our observation that the A43a (pre-translocated) EC has 55% occupancy in the presence of TFIIF and only 23% occupancy in the presence of HDAg (Figs. 3 and 4) . We believe that HDAg may loosen the RNAP II clamp to facilitate RNA-DNA hybrid translocation. In such a case, elongation becomes less dependent on the prior loading of the next templated NTP because the incoming NTP is no longer required to force the RNA-DNA hybrid away from the bridge ␣-helix (see below). We do not believe that the RNAP II mechanism is truly different in the presence of HDAg and TFIIF. Rather, in the presence of HDAg, the model appears simpler because loosening of the RNAP II clamp stimulates translocation and accelerates the slow elongation pathway, so that it can no longer be distinguished from the rapid pathway. In support of this idea, in both mechanisms, NTP substrate-induced fit is observed for G44 synthesis, and a slow step is observed after G44 chemistry that precedes the first appearance of G45. Therefore, the basic RNAP II mechanism is similar in the presence of TFIIF or HDAg. In the HDAg-stimulated mechanism, a downside to relieving tension on the RNAP II clamp may be that the geometry of the active site becomes less optimal for chemistry, decreasing the fastest elongation rates, and fidelity may be sacrificed. In hepatitis ␦ virus RNA replication and transcription, HDAg is thought to convert H. sapiens RNAP II from a DNA template-dependent RNAP to an RNA template-dependent RNAP (9, 44 -47) , and loosening the RNAP II clamp may facilitate this loss of fidelity in template selection.
Substrate NTP-driven Translocation and Allostery-Recently, Erie and colleagues (24) reported transient state kinetic studies of E. coli RNAP elongation. They proposed an allosteric model to describe slow rates of RNA synthesis at low substrate NTP concentrations. We concur with their observation that elongation rates are unexpectedly slow when substrate NTP concentrations fall below a threshold value. Because the E. coli RNAP allosteric site appears to be template-specified in their study, it is difficult to distinguish the allosteric site from the substrate site, unless the allosteric conformational change is translocation, as we suggest here. In such a case, the "allosteric" site becomes the substrate site. Our data strongly indicate that, at limiting substrate NTP concentrations, active site translocation is the critical, rate-limiting step along the RNA synthesis pathway, and translocation is induced by prior NTP binding. In our model, only template-specified NTP-loading sites at positions n ϩ 1 and n ϩ 2 (n ϭ RNA length) are required.
To analyze human RNAP II, we were forced to adopt the running start, two-bond protocol to observe rapid elongation rates and to ensure that we would observe at least one translocation event. In studies of E. coli RNAP, however, elongation was from ECs that were stalled for a longer time, and in those studies, only a single bond was monitored. In Foster et al. (24) , E. coli RNAP rate curves have approximately hyperbolic shapes, unlike the biphasic curves observed for H. sapiens RNAP II in our study. In more recent work, however, Erie and colleagues have produced rate data at new template positions that produce notably biphasic rate curves. 2 Although E. coli RNAP and H. sapiens RNAP II both can yield rate curves with biphasic shapes, there are significant qualitative differences between the data sets produced in the bacterial and human systems. Notably, in the bacterial system, the amplitude of the fast phase is more highly dependent on the NTP substrate concentration, consistent with a single primary starting conformation of RNAP at the time of NTP addition and perhaps consistent with the allosteric mechanism from Erie and coworker (24) . In our data set, biphasic rate curves appear to reflect two distinct EC conformations on the active synthesis pathway (A43a and A43b), and the amplitude of the fast phase in our rate curves does not appear to be so highly dependent on NTP concentration, as if the biphasic rate curves may have distinct meanings in the E. coli and H. sapiens systems. It appears to us that, although homologous, E. coli and H. sapiens RNAPs may have distinct features in the details of their catalytic mechanisms, and that many more experiments in both systems will be required to fully understand the functioning and regulation of these dynamic molecular machines. For instance, E. coli RNAP may utilize an allosteric mechanism, whereas H. sapiens RNAP II does not appear to require allosteric control, unless the substrate NTP-induced translocation mechanism that we propose can be described as "allostery." Generally, allostery requires distinct binding sites for substrate and effector.
The Substrate NTP-induced Translocation Model-Our kinetic model indicates that incoming NTP substrates pair to their cognate DNA bases before the resulting base pair is translocated into the RNAP II active site. We therefore inspected the S. cerevisiae RNAP II EC structure (3) to determine whether such an NTP loading mechanism is likely or possible. In Fig. 5 , we show how substrate NTPs can pre-load through the RNAP II main channel to induce translocation. In the S. cerevisiae RNAP II EC structure, the n ϩ 1, n ϩ 2, and n ϩ 3 DNA template bases are single-stranded and apparently accessible to base pair with incoming NTPs loaded through the main channel (Fig. 5A) (3) . The non-template DNA strand is disordered in the structure and is therefore unlikely to conflict with NTP loading by this route. Darst and colleagues (48) , Kornberg and colleagues (3, 50) , and Yokoyama and colleagues (49) have suggested that NTPs might load into the active site through the secondary pore, from the opposite direction than that we propose. In the RNAP II mechanism, however, observation of induced fit is evidence for loading the n ϩ 1 NTP before a conformational change that precedes chemistry. Furthermore, in the TFIIF-stimulated mechanism, the final stage of the G44 bond addition cycle is also GTP-driven (Fig. 3, D and  B) . Therefore, both the n ϩ 1 and the n ϩ 2 GTPs appear to be loaded prior to rate-limiting conformational steps, occurring both before and after G44 synthesis.
An advantage to tracking two bonds is that at least one of the two NTP-driven steps we observe in G44 synthesis, specifically the step from G44 3 G45, must include a translocation. If either the n ϩ 1 or n ϩ 2 GTPs pair to template prior to translocation, these bases must load through the main channel rather than through the secondary pore, because otherwise base pairing is impossible. In the S. cerevisiae RNAP II EC structure, before translocation, the n ϩ 1 DNA base is oriented toward the main enzyme channel and is not accessible to the secondary pore. We believe that the secondary pore is normally the route for pyrophosphate release and for release of improperly loaded NTPs that are transferred into the active site but cannot subsequently be incorporated into RNA. We suggest the following: 1) substrate NTPs normally enter the active site through the main channel, in much the same direction of flow as downstream template DNA; and 2) substrate NTPs are continuously pre-loaded in bunches of two or three (Fig. 5) . Continuous maintenance of two or three paired NTPs supports efficiency and fidelity of NMP incorporation, because accurate base pairing is confirmed and re-confirmed before loading of a base pair into the active site. No structural barrier is apparent to loading the n ϩ 1, n ϩ 2, and n ϩ 3 NTPs through the main channel or to pair them to their DNA cognate bases (Fig. 5A) . In the S. cerevisiae RNAP II EC structure (3), the only observed barrier to moving the n ϩ 1 NTP-DNA base pair from the main channel into the catalytic center is the n base pair (Fig. 5, A and  B, gold) , and the barrier is removed when the RNA-DNA hy- FIG. 5 . Pre-loading substrate NTPs through the main channel and substrate NTP-driven translocation are consistent with the S. cerevisiae RNAP II EC structure. A, S. cerevisiae RNAP II pre-translocated EC, showing that the n ϩ 1, n ϩ 2, and n ϩ 3 NTPs can load through the main enzyme channel to pair with their DNA cognate bases. The left panel is a simplified view of the stereo image shown in the right two panels. The main channel is in front; the secondary pore behind the images shown. The n base pair (n ϭ RNA length) is gold; template strand DNA is green; RNA is red; incoming NTP substrates are dark blue (n ϩ 1) or light blue (n ϩ 2 and n ϩ 3); the bridge helix is yellow; other protein is white; Mg 2ϩ -A (the active site Mg 2ϩ ) is magenta. B, pre-loading substrate NTPs into the pre-translocated complex. In the pre-translocated state, the n base pair (gold) blocks loading of the incoming n ϩ 1 NTP into the active site. Only relevant protein and side chains are shown (yellow). The main channel is in front, and the secondary pore is behind the bridge helix in this view. C and D, two views of a post-translocated complex. C, main channel in front and secondary pore behind the bridge helix (as in B). D, main channel to the right and secondary pore to the left of the bridge helix, which is viewed end-on. Translocation of the n base pair opens a pore for loading the triphosphate of the n ϩ 1 NTP over the bridge ␣-helix pulling the n ϩ 1 base pair into position to form the next phosphodiester bond. Colors of atoms is as follows: carbon is green; oxygen is red; nitrogen is blue; phosphorus is magenta (small spheres).
brid translocates (Fig. 5, C and D) . Once the n base pair is driven into the post-translocated position, a pore opens for loading the n ϩ 1 NTP-DNA base pair. We detect no steric or electrostatic barriers to loading the triphosphate of the n ϩ 1 NTP through the induced pore, and the amino acid residues that constitute the pore are conserved in multisubunit RNAPs from bacteria to man (50) .
As noted by Kornberg and colleagues (3, 50) , in structures of bacterial Thermus aquaticus RNAP, the bridge ␣-helix (also called the F helix) may be bent because of contact with the G-loop or "trigger" loop protruding from below (48, 49, 51) . Bending of the bridge ␣-helix in the T. aquaticus RNAP structure prompted Gnatt et al. (3) to propose that bending of the bridge helix might be part of the translocation mechanism. Although structural and cross-linking studies indicate that the bridge helix is capable of flexure (3, 48, 49, 51) , bending of the bridge helix may not be necessary during each translocation cycle. As indicated in Fig. 5 , passage of the n ϩ 1 NTP triphosphate over the bridge ␣-helix may induce movement of the n base pair past the active site Mg 2ϩ and rotate the n ϩ 1 base pair into the active site for phosphodiester bond formation, without bridge helix bending. The most extreme conformation of the bridge helix, seen in T. aquaticus RNAP structures (48, 52) , will not easily accommodate our model for NTP loading, but conformations in the S. cerevisiae RNAP II and Thermus thermophilus RNAP structures appear completely consistent with our model (3, 49) . The most strongly bent configurations of the bridge helix are expected to block movement of the n ϩ 1 DNA base into position, because bending the helix would rotate S. cerevisiae Rpb1 Lys 830 (H. sapiens Lys 853 , E. coli ␤Ј Lys 789 ) into the space through which the DNA base must pass. Thus, the original suggestion that NTPs load through the secondary pore was made based on a structure with a severely bent bridge helix that may be incompatible with ongoing transcription (48, 52 ) may play a "gatekeeper" role for NTP loading through the main channel. S. cerevisiae Rpb2 Arg 512 appears to be positioned to interact with the triphosphate of the n ϩ 1 NTP (Fig. 5B ) and then switch, in turn, to contact the triphosphate of the incoming n ϩ 2 NTP, as the n ϩ 1 NTP moves over the bridge helix and the n ϩ 2 NTP makes its approach (Fig. 5, C and D) .
It appears that stalled RNAP II ECs may tend to revert to the pre-translocated state, as observed previously with T7 RNAP (53) . Inspection of the S. cerevisiae RNAP II EC structure indicates that the RNA-DNA hybrid might be springloaded against the bridge ␣-helix as the RNA-DNA hybrid is pressed by the flexible RNAP II clamp (3). Furthermore, the stalled S. cerevisiae RNAP II EC is found primarily in the pre-translocated form with the active site Mg 2ϩ -A atom poised over the previously formed phosphodiester bond. In our kinetic analysis, a large fraction of A43 complexes initially appear to be in the pre-translocated A43a state, even though an adequate kinetic model suggests that elongation passed through the post-translocated A43b state to access the A43a state (Fig. 4, A and B). The n ϩ 1 DNA base is rotated about 90°away from the active site Mg 2ϩ atom. Therefore, catalysis requires that the n ϩ 1 DNA base first swing into position between the RNA-DNA hybrid and the highly conserved bridge ␣-helix. Our kinetic data support the idea that the incoming NTP normally pairs with its cognate DNA template base prior to translocation of the RNA-DNA hybrid. Formation of the n ϩ 1 base pair, therefore, is expected to facilitate its rotation into the active site pocket. We suggest that base pairing and movement of the n ϩ 1 NTP over the bridge ␣-helix provides a major driving force to induce translocation of the RNA-DNA hybrid during rapid catalysis.
NTP-induced Translocation Enhances Fidelity-We argue above that the unusual dependence of H. sapiens RNAP II on substrate NTP concentration should perhaps not be attributed to allostery but rather to NTP-induced translocation of the RNAP II active site. But, if our view is correct, why then is translocation dependent on prior binding of the next templated substrate NTP? The images we present in Fig. 5 indicate an assembly line model in which templated NTPs pre-load up to three at a time, and translocation is continually driven by the incoming n ϩ 1 substrate NTP. With each translocation event, a DNA base becomes single-stranded and is expected to pair to its cognate NTP. In addition to the efficiency of the molecular assembly line we describe, we propose that NTP-induced translocation is a mechanism for maintaining fidelity of NMP incorporation during RNA synthesis.
Fidelity is the selection of the specified, templated n ϩ 1 NTP rather than any of the three incorrect choices. We argue that NTP-induced translocation renders mis-incorporation unlikely because the n ϩ 1 base pair must be maintained throughout its long passage over the bridge ␣-helix (Fig. 5, A-D) . To incorporate AMP for GMP, for instance, would require maintenance of an unstable dC-ATP base pair throughout movement into the active site. Most likely, substrate NTP-induced translocation developed as a mechanism to ensure fidelity of RNA synthesis, because this mechanism increases efficiency and accuracy by allowing pre-loading and pre-aligning of multiple NTPs. By using this mechanism, fidelity can be maintained for ATP, GTP, CTP, and UTP substrates without strict chemical recognition of individual bases in the RNAP II active site, which would compromise the flexibility that RNAPs require to utilize four chemically distinct substrates. Very tight binding of substrate is not required for specificity by RNAPs because recognition of each NTP substrate is driven primarily by accurate base pairing, through the NTP-induced translocation mechanism. Incorrectly selected n ϩ 1 NTPs do not remain paired long enough to support translocation, while correctly pairing the specified n ϩ 1 NTP forces the RNAP into the only conformation capable of forming a phosphodiester bond. Adequate kinetic models indicate that GTP affinity may vary significantly over the course of the reaction (Fig. 4, A and B) . In the TFIIF-stimulated reaction, modeling indicates that GTP affinity might be highest (estimated as K d ϳ6 M) to the fully translocated substrate-binding site, as expected from the RNAP II EC structure and the NTP-induced translocation model, in which NTPs initially load primarily by base pairing before loading into the RNAP II active site. Because polymerases utilize four chemically distinct substrates, DNAPs and RNAPs are characterized by reaction mechanisms that maintain high fidelity with relatively low substrate affinity. The NTP-induced translocation model shows one way this biological requirement can be achieved.
DNAP and RNAP Mechanisms-In the mechanisms of simple DNAPs, induced fit has been interpreted as a dNTP-induced structural change preceding chemistry, to convert the EC from a "relaxed" to a "taut" conformation, also referred to as conformational coupling or induced fit (22, 25, (27) (28) (29) . This change is proposed to enhance fidelity, because, when a dNTP is mis-loaded, the conformational change is blocked, and the mis-paired substrate can be dissociated before mis-incorporation occurs. In this paper, we argue that H. sapiens RNAP II utilizes a substrate NTP-induced fit mechanism that involves NTP-driven translocation of the RNA-DNA hybrid past the RNAP II active site. Our mechanism, however, does not preclude a relaxed 3 taut conformational change that tightens the active site just prior to chemistry, and we deem such a conformational change likely. For instance, because translocation by RNAP II involves a slow, substrate NTP-induced conformational change, this implies that loosening of the RNAP II clamp and/or a taut 3 relaxed RNAP II conversion may accompany NTP-driven translocation. If this is the case, a relaxed 3 taut conversion must also precede chemistry. For RNAP II, pyrophosphate release may follow and depend upon a taut 3 relaxed conversion after chemistry.
